ABSTRACT Odorant binding proteins (OBPs) play a critical role in mediating mosquito behaviors. In the current study, four AealOBP genes were cloned and sequenced. Basic Local Alignment Search Tool Program and phylogenetic analysis of the deduced amino acid sequences identiÞed a unique putative ortholog in Aedes aegypti (L.) for each Aedes albopictus (Skuse) OBP. Quantitative analysis showed some AealOBPs with a strong female/male expression ratio, which we proposed to be involved in the host seeking of female mosquitoes. Other OBPs are expressed at higher levels in male antennae and are considered candidates for the detection of ßoral volatiles. The current study provides basis for further detailed molecular characterization of Ae. albopictus olfactory systems.
Mosquitoes, like other ßying insects, follow odor plumes to Þnd hosts. Although visual and thermal stimuli also contribute to host location, olfaction is probably the dominant sensory modality. Therefore, there is great interest in understanding better the olfactory system of mosquitoes in the hopes of disrupting undesirable hostÐinsect interactions. Considerable progress has been made in understanding insect olfaction, and odorant binding proteins (OBPs) have been known to play an important role (Takken 1991, Zwiebel and Takken 2004) .
The classical view of OBP function is that they act as carriers of hydrophobic odor molecules by transporting them through the aqueous lymph to transmembrane odor receptors (ORs) located on the dendritic membrane of olfactory neurons (reviewed by Zwiebel and Takken 2004) . The vast majority of currently described OBPs have been identiÞed based on bioinformatics criteria and classiÞed into three groups. The "classic" OBPs are Ϸ14 kDa and exhibit a characteristic spacing of six conserved cysteine residues that form disulÞde bonds linking adjacent alpha-helixes to form a small, hydrophobic, internal binding cavity (Sandler et al. 2000 , Tegoni et al. 2004 . The "atypical" OBPs are of higher molecular weight (25 to 35 kDa), have a slightly modiÞed spacing of six cysteine residues relative to the classic OBPs (Xu et al. 2003) . Finally, the "Plus-C" group found in Drosophila melanogaster (Meigen), Anopheles gambiae (Giles), and Aedes aegypti (L.), contain six conserved cysteine residues, but are distinguished by three additional conserved cysteines and a conserved proline in the C-terminal region (Hekmat-Scafe et al. 2002 , Zhou et al. 2004 .
The publication of the mosquito genome sequences of An. gambiae (Holt et al. 2002) , Ae. aegypti (Nene et al. 2007) , and Culex quinquefasciatus (Say) (Arensburger et al. 2010 ) has made it possible to determine the present genes encoding putative OBPs. There are 57 genes encoding putative OBPs in An. gambiae (Vogt 2002 , Xu et al. 2003 , Zhou et al. 2004 ). There have been up to 66 genes encoding putative OBPs reported for Ae. aegypti (Zhou et al. 2008) . A recent report suggests 53 putative OBP genes in Cx. quinquefasciatus (Pelletier and Leal 2009) . However, no genome-wide analysis has been carried out for Ae. Albopictus (Skuse), the most important vector of the dengue virus in China (Wu et al. 2011) . OBP gene cloning only relies on conventional molecular techniques. Thus far, only three OBPs for have been found for Ae. albopictus (Armbruster et al. 2009 ).
In the current study, the isolation of four novel OBP genes through a molecular approach in Ae. albopictus was reported. The results of Basic Local Alignment Search Tool Program searches with inferred amino acid sequences as queries and the phylogenetic analysis indicate that these Ae. albopictus OBP-like genes share high similarities with Ae. aegypti OBPs. Our Þndings were discussed, with respect to the evolution of OBPs, within the Culicidae and the putative physiological function of proteins encoded by these genes. Quantitative reverse-transcription-polymerase chain reaction (RT-PCR) data showed that the expression levels of OBPs differ considerably. The four novel OBPs identiÞed exhibited female or male bias in ex-1 These two authors contributed equally to this study. 2 Corresponding author, e-mail: aedes@263.net. pression levels, which makes them preferred candidates for binding and transporting human odor molecules or plant volatile in the antennae of mosquitoes. Their speciÞc role in mosquito olfaction needs to be determined.
Materials and Methods
Mosquito Rearing. A strain of Ae. albopictus came from a laboratory strain that had been maintained for Ͼ20 generations in the Department of Vector Biology and Control, Institute of Microbiology and Epidemiology. During rearing, a photoperiod of 14:10 L:D, 75% RH, and a temperature of 26 Ϯ 1ЊC were maintained in the laboratory.
Extractions of Mosquito RNA and Synthesis of Mosquito cDNA. RNA from the head of adult Ae. albopictus was extracted with TRIzol reagent (guanidine thiocyanate/phenol in a monophase solution) (Sigma, St. Louis, MO), in accordance with the instructions of the manufacturer. RNA was extracted from the mosquitoes, which were homogenized in 300 l TRIzol reagent in a microcentrifuge tube. The TRIzol reagent containing RNA was extracted with chloroform, and RNA was precipitated with propan-2-ol. The pellet was resuspended in 50 l water.
Two microliters of total RNA from each sample was used to synthesize the Þrst-strand cDNA using oligo(dT) 12Ð18 primer in a 20 l reaction following the Superscript II RT-PCR System (Invitrogen, San Diego, CA). The Þrst-strand cDNA reaction was stored at Ϫ80ЊC until use.
PCR Amplification of OBP Gene Fragments. PCR on the cDNA was carried out with the degenerate primers (Table 1) , which were designed according to the sequencing of the OBP family genes of An. Gambiae (Xu et al., 2003) , Cx. quinquefasciatus (Pelletier et al. 2009 ), and Ae. aegypti (Zhou et al. 2008) . PCR reactions used 35 cycles of 94ЊC for 30 s, 56ЊC for 30 s, and 72ЊC for 1 min. The ampliÞed fragments were then recovered by Wizard1 PCR preps DNA Kit (Promega, Madison, WI) and used as templates for direct sequencing with the automated ABI PRISM Dye Terminator Cycle Sequencing Kit (Applied Biosystems, Foster City, CA).
3 and 5 Rapid Amplification of cDNA Ends (RACE). To identify the entire cDNA sequence for each OBP gene, we performed rapid ampliÞcation of cDNA ends (RACE). RACE using a SMART RACE kit (Takara, Japan) according to the instructions of the manufacturer. Up to 500 ng RNA for the reverse transcription and both 3Ј and 5Ј adapter ligations was used. Gene-speciÞc primers developed from ampliÞed fragments were used to PCR amplify the 3Ј and 5Ј RACE products, which were gel puriÞed, cloned, and sequenced as described above. DNA sequence analysis and contig assembly was performed with Sequencher v. 3.0.
Bioinformatics and Phylogenetic Analysis. Deduced protein sequences were determined using the ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/ gorf.html), followed by BLAST searches to identify the putative orthologs of the Ae. albopictus cDNA sequences. Based on the results of the BLAST searches, phylogenetic analysis (methods described below) of the inferred Ae. albopictus OBPs was performed with An. gambiae, Cx. quinquefasciatus, and Ae. aegypti OBP deduced amino sequences obtained from the GenBank database using accession numbers provided by Xu et al. (2003) , Pelletier et al. (2009), and Zhou et al. (2008) .
The amino acid sequence alignment was performed in ClustalX (Thompson et al. 1997) . Phylogenetic reconstruction was performed by neighbor-joining method implemented in MEGA 4.0 (Tamura et al. 2007 ) with a p-distance model and pairwise deletion of gaps. Bootstrap support of tree branches was assessed by resampling amino acid positions 1,000 times.
Analysis of Expression by Quantitative RT-PCR. RNA extraction from the head of 30 adult mosquitoes, including (1) sugar-fed females, (2) sugar-fed males, (3) females 24 h after a bloodmeal, and (4) bloodsucking-interrupted females were performed as described above. Each RNA sample was treated with DNase I (Invitrogen), according to the instructions of the manufacturer. Quantitative RT-PCR was performed using a one-step RT-PCR reaction (ABI) according to the instructions of the manufacturer with 1 l 50 ng/l total RNA as template. ␤-actin gene (GenBank accession DQ657949.1) of Ae. albopictus was used as comparison. The reaction was carried out with SYBR Green qPCR Mix (ABI) in a 20 l reaction using a real-time PCR machine (ABI 7500; ABI), the parameters of which are speciÞed in Table 2 .
Using the standard curves, the ßuorescence values could be extrapolated from the cDNA and an accurate initial copy number could be derived for the OBP genes and actin. The ßuorescence of each cDNA sample ran in triplicates and each replicate coincided with minimal variation. The copy number of the actin gene was determined as 1.0 ϫ 10 6 copies in 2 l of the starting material. The average of the copy numbers of OBP mRNA in all the samples were analyzed by the Student t-test (SAS Institute 1990) .
Results of the quantitative PCR were given as mean Ϯ SEM. Data were analyzed either by Student t-test for two columns or by analysis of variance (ANOVA), followed by the Student-NewmanÐKeuls test to compare all columns. Differences were considered signiÞcant if P Ͻ 0.05. 
Results
Identification of Putative OBP Genes. We obtained four OBP-like open reading frame (ORF) sequences by amplifying three pairs of degenerate primers. Several criteria were used to assign a protein sequence as putative OBP: a small size (molecular weight around 14 kDa) and the presence of highly conserved six cysteines spacing designated as the "classic motif": C1-X15-39-C2-X3-C3-X21-44-C4-X7-12-C5-X8-C6 (Zhou et al. 2008) , which is now considered a hallmark of the family. Candidate OBPs were further blasted in the National Center for Biotechnology Information conserved domain database (CDD) to conÞrm the presence of characteristic motifs conserved in the OBP family. Candidate sequences that displayed signiÞcant similarities were manually screened for characteristic features of the OBP family. Based on Fig. 1 , and 73 and 69% identity, respectively.
Phylogenetic Analysis of AealOBPs With Other Mosquito OBPs. To gain insight into the relationships among AealOBPs and other mosquito OBPs, a phylogenetic analysis using putative amino acid sequences was carried out. A consensus sequence comparison tree (Fig. 2) was constructed by neighbor-joining method (Saitou et al. 1987) . As indicated by the amino acid identity percentages compiled in Table 3 , based on their amino acid identity, AealOBP2 was clustered within the OS-E/OS-F group, and AealOBP3 was clustered within the OBP19a group, which was associated with response to benzaldehyde and acetophone (Arya et al. 2010) .
Different Expression of AealOBPs in Male and Female. The quantitative analysis of AealOBPs and actin mRNA expression from (1) sugar-fed females, (2) sugar-fed males, (3) females 24 h after a bloodmeal, and (4) blood-sucking-interrupted females of Ae. albopictus is shown in Table 4 . The copy number of Fig. 1 . Alignment of AealOBPs with OBPs of An. gambiae (Xu et al. 2003) , Cx. quinquefasciatus (Arensburger et al. 2010) , and Ae. aegypti (Zhou et al. 2008) . Vertical bar indicates conserved cysteine residues.
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JOURNAL OF MEDICAL ENTOMOLOGY Vol. 49, no. 3 mRNAs was determined as copies/1.0 ϫ 10 6 actin copies for all mosquito samples. The rationale for these experiments were the observation that females rest after a bloodmeal and some experimental evidence that suggest their antennal activity and, thus, their olfactory response might be down-regulated after a bloodmeal (Takken et al. 2001) . These experiments would also determine whether the OBP gene expression is down-regulated or up-regulated if the mosquitoes are interrupted during ingestion.
Our results clearly identiÞed AealOBP3 with nearly Þve-fold higher expression levels in females. AealOBP2 and AealOBP4 exhibited 1.3-and 6.7-fold elevated expressions in females. Detectable AealOBP1 was almost equally expressed in females and males. The results also showed 1.93-and 4.43-fold reduction of mRNA levels for AealOBP2 and AealOBP3 in females 24 h after a bloodmeal. However, AealOBP1 and AealOBP4 were nearly four-and six-fold up-regulated after a bloodmeal. In the blood-sucking-interrupted females, AealOBP2 and AealOBP3 mRNA levels were still high, compared with the females 24 h after a bloodmeal. However, AealOBP1 and AealOBP4 was almost equally expressed in blood-sucking-interrupted females and females 24 h after a bloodmeal.
Discussion
Olfaction plays a critical role in mediating mosquito behaviors (Zwiebel and Takken 2004) , especially in Ae. albopictus, an aggressive human blood feeder capable of transmitting the dengue and chikungunya viruses (Shroyer 1986 , Gratz 2004 . In most mosquito species, the olfactory response to host odors is downregulated in females after a bloodmeal (Takken 1991) . However, there appears to be signiÞcant differences between Culex ssp. and Aedes ssp. mosquitoes. Culex usually take a single bloodmeal, which initiates the development of ovarian follicles and the oviposition of a single batch of eggs. By contrast, some Aedes species may regularly take multiple blood meals during a single gonotropic cycle because they are easily disturbed (Delatte et al. 2010 , Ponlawat et al. 2005 , Richards et al. 2006 , Xue et al., 1995 . Whether some olfactory genes occur at the gene expression levels of Ae. albopictus by modulating host-seeking activity or other means is still unknown. This is the purpose of the current study.
Several members of the OBP family of olfactory proteins have been cloned and characterized because of the recent publication of the complete genomic sequences of An. gambiae (Holt et al. 2002) , Ae. aegypti (Nene et al. 2007), and Cx. quinquefasciatus (Arensburger et al. 2010 ). However, obtaining OBP genes is difÞcult for species with genomic sequences that have not been sequenced, such as Ae. albopictus. Thus far, only three OBP genes were cloned and sequenced from a subtracted cDNA library (Armbruster et al. 2009 ). Four OBP genes were isolated and characterized using molecular methods in Ae. albopictus. A comparative analysis of the sequence diversity, molecular evolution, and expression patterns of this diverse gene family within these important vector species should provide insight into the functional signiÞcance of these genes, and may ultimately help to develop novel vector control strategies (Rü tzler and Zwiebel 2005 ).
In the current study, we found that the expression levels of AealOBPs differ considerably before and after blood feeding. AealOBP1 was identiÞed to exhibit more than a three-fold increase in mRNA levels 24 h before and after blood feeding, compared with that in sugar-fed females. This suggests a up-regulation of olfactory activity. However, there is no difference in the mRNA levels of AealOBP1 in females 24 h after blood feeding and blood-sucking-interrupted females. AealOBP1 was also identiÞed to exhibit no female versus male bias in expression levels. Hence, we con- (Andronopoulou et al. 2006) . The expression pattern of AealOBP2 and AealOBP3 differed considerably from the expression pattern of AealOBP1. The downregulation of AealOBP2 and AealOBP3 genes after a bloodmeal are also consistent with a reduced activity of olfactory genes involved in host seeking after a bloodmeal. Meanwhile, there is signiÞcant difference in the mRNA levels of AealOBP2 and AealOBP3 in females 24 h after blood feeding. These two genes remain high even in samples where the blood feeding was interrupted. This suggest expression of these two olfactory genes still keep high level in the bloodsucking-interrupted condition. Moreover, AealOBP3 was highly expressed in females with a nearly Þve-fold bias. Therefore, it is reasonable that AealOBP3 is a potential candidate for OBP involved in sensing host odors, and its dramatic up-regulation after a bloodmeal could suggest a shift in blood-fed females from human host seeking toward nectar feeding. By contrast, AealOBP4 showed an approximately six-fold increase in mRNA levels after blood feeding. This OBP is highly expressed in female and male antennae with more than a six-fold male bias. AealOBP4 is a potential candidate for OBP involved in sensing ßoral volatiles.
The current study provides a basis for further detailed molecular characterization of the Ae. albopictus olfactory and gustatory systems. Additional functional studies, such as gene knockdown experiments and the investigation of ligand-binding properties, should help to clarify the physiological signiÞcance of this diverse gene family. Multiples of means OBP copies in sugar-fed females relative to copies in females 24 h after a blood meal (SF:BF), copies in females 24 h after a blood meal relative to copies in blood-sucking-interrupted females (BF:IF), copies in sugar-fed females relative to copies in sugar-fed males (SF:SM).
